Fantao Kong) Tel: +86 451 86418802, Fax: +86 451 86418802 measurement demonstrated that the bonding strength between the TiAl alloy and Ti-6Al-4V alloy layers in the laminate composite sheet was very high. This means that the quality of the interfacial bonding between the two layers achieved by the multi-path rolling is high, and the interface between the layers is very effective in transferring loading, causing significantly improved toughness and plasticity of the TiAl/Ti-6Al-4V laminate composite sheet.
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Interfacial Microstructure and Shear Strength of Ti-6Al-4V/TiAl

Laminate Composite Sheet Fabricated by Hot Packed Rolling
Introduction
Recently, laminate composites (LMCs), consisting of alternating laminates of different constitutive materials such as ceramic-ceramic [1] , metal-ceramic [2] , metal-metal [3] , metal-ceramic-intermetallic [4] and metal-intermetallic [5] have been widely researched and applied. With optimum materials combinations and layer thickness designs, LMCs can possess various advantages such as low density, high corrosion resistivity, high strength, and high fracture toughness [6] [7] [8] [9] . LMCs consisting of ductile metal and brittle intermetallic laminates have become increasingly attractive in recent years because of their low density, high stiffness, high strength and much improved ductility and toughness compared with the intermetallic material [10, 11] . In metal-intermetallic based LMCs, the interface quality and bonding strength play a critically important role in controlling their mechanical properties. Weak interfacial bonding can result in preferential crack initiation at interfaces and, hence, reduce the strength, toughness and ductility of the composite. It has been suggested that strong interfaces in LMCs are characterised by ductile interfacial reaction layers with a suitable thickness [12] [13] [14] [15] .
Intermetallic alloys based on Ti-Al system have potential as high temperature materials for the application of aerospace and automobile engine [16] [17] [18] .
Metal-intermetallic based LMCs with Ti-Al based intermetallics, such as the Ti-Al 3 Ti system with alternate layers of Al 3 Ti and residual Ti preparing by diffusion bonding of Ti and Al metal foils, being the reinforcing phase has also been investigated with promising results [19] [20] [21] . However, this processing method may cause small voids at the region near the interface or in the intermetallic layer because of metal shrinkage during interdiffusion or reaction between Ti and Al metal foils, which results in the decreasing of mechanical properties.
For manufacturing LMCs, rolling process is the most efficient and economical technique [10, 15, 22] . Hot roll bonding is a solid-state welding process in which double or multiple layers of metal and/or alloys are stacked together and rolled to cause enough deformation to produce solid-state welds. Hot roll bonding can also improve strengths of the individual constituent materials by refining their microstructures, leading to a much enhanced overall strength of the laminated composite compared with individual materials. Our previous research has shown that a LMC consisting of TiAl alloy and Ti-6Al-4V (wt%) (Ti64) laminates can be fabricated by hot roll bonding and has excellent mechanical properties [23] . It is expected that the bonding state at interfaces between the Ti64-TiAl laminates plays a critical role in determining the mechanical behavior of composite laminates. However, no experimental and theoretical studies of interfacial structures and mechanical properties in Ti alloy-TiAl based LMCs have been reported. There is a compelling need to understand the interfacial microstructure and bonding strength of Ti alloy-TiAl LMCs which are critical in developing high-performance Ti alloy-TiAl LMCs. In this study, we investigated the interfacial microstructure and shear strength of a Ti64-TiAl LMC consisting of two layers and prepared by hot roll bonding.
Experimental Procedure
To prepare the Ti64-TiAl LMC sheet, a 10 mm thick TiAl alloy plate was cut from a TiAl alloy pancake which had a composition of Ti-42.8Al-8.8V-0.21Y (at%) with the oxygen content being <500ppm and have been prepared by a combination of ingot casting, homogenization, hot isostatic pressing and hot forging [24] . The TiAl plate and a 3 mm thick sheet of Ti-6Al-4V (wt%) alloy were stacked together after their surfaces were ground and cleaned. The TiAl plate/Ti-6Al-4V sheet stack was placed in a stainless steel can which was then sealed. The canned sample was hot-rolled after it was heated to 1180°C and held at the temperature for 1 hour in a furnace. The canned sample was hot rolled through fifteen passes with the nominal thickness reduction per pass being approximately 10% and the nominal rolling speed being approximately 0.5m/s. Between consecutive passes, the canned sample was re-heated back to 1180°C and held at the temperature for 10-15 minutes. Following the last pass of rolling, the rolled sheet was furnace cooled and then decanned. The Ti64-TiAl LMC sheet did not show any cracks and had a thickness of 2.9mm which corresponded to a total thick reduction of about 78%. The thickness of TiAl alloy layer and Ti64 alloy layer was 2.3 and 0.6mm, respectively.
The microstructures of the LMC sheet produced by hot rolling were examined using X-ray diffractometry (XRD), scanning electron microscopy (SEM) in conjunction with energy dispersive X-ray spectrometry (EDS) and transmission electron microscopy (TEM). The XRD was carried out using Cu Kα radiation (λ= 0.154157 nm) and 2θ ranging from 20° to 100°. Specimens for TEM observation were prepared using a standard procedure and an electrolytic jet polisher with the electrolyte being a solution of 60% methanol, 35% n-butyl alcohol and 5% perchloric acid. The interfacial shear test samples, as schematically shown in Fig.1 , were prepared by spark erosion parallel to the rolling direction. The samples were tested at a strain rate of 5×10 -3 s -1 at room temperature by using a tensile testing machine. The shear strength was calculated using the following equation. 
Results and Discussion
Microstructures
The microstructures of Ti-6Al-4V alloy and TiAl alloy layers of the composite sheet are shown in Fig.2 . The TiAl alloy layer had an equiaxed near γ structure (NG) with the grain sizes in the range of 15-30 μm ( Fig. 2(a) ). The microstructure of Ti-6Al-4V alloy layer consisted of α/β lamellar colonies with sizes in the range of 50-150 μm ( Fig. 2(b) ). XRD analysis of the TiAl layer showed that it composed of mainly γ and B2 phases and a small amount of α 2 phase. TEM examination of the specimens from the TiAl alloy layer showed that the dark equiaxed gains and plates shown in Fig. 2 (a) were γ phase, and the grey blocks distributed along the boundaries between equiaxed grains were B2 phase. This indicates that complete recrystallization of the γ phase occurred during hot rolling, and led to formation of fine equiaxed γ grains.
These results are similar to the previous results found in a study on hot rolling of the Ti-43Al-9V-Y alloy [24] .
There was an interfacial region of uniform thickness of about 250 μm between the TiAl layer and the Ti64 layer of the LMC sheet. SEM examination of this interfacial region ( Fig. 3(a) ) revealed no discernible defects such as cracks or voids at the interfaces. Based on the microstructure of the interfacial region, it contained two layers:
Layer I which was 80 μm thick and Layer II which was 170 μm thick. Fig. 3(b) shows the distribution of the contents Ti, Al and V across the interfacial region, as determined using semi-quantitative EDS microanalysis technique. A continuous change in the contents of Ti, Al and V along the line from A to B across the interfacial region as shown in Fig.3(a) was observed. This indicates that interdiffusion between the TiAl and Ti64 layers took place during hot rolling at 1180°C. The width of the interdiffusion zone is in good accordance with the thickness of the interfacial region determined based on the microstructural examination. XRD analysis of the cross-section of specimen ( Fig. 4) showed that the LMC sheet was composed of γ, α 2 , B2, β and α phases. This reveals that no new phases formed at the interfaces during hot rolling. Fig.5(a) . EDS analysis results of these microstructural features are shown in Table 1 . Based on the EDS analysis, it can be determined that the dark islands (A) and dark grey blocks (B) were γ phases with different V concentrations, the grey matrix (D) was B2 phase, and the dark needles (C) were also γ phase. Because V concentrations of the dark gray blocks is higher than that of the dark blocks and the dark needles, the color of position B is more light than that of the positions A and C in the SEM backscattering mode. The SEM images of the microstructure of Layer II which was on the Ti64 side showed only one kind of contrast, as shown in Fig.5(b) . EDS data was collected from four points (as indicated by E, F, G, and H in Fig. 5(b) ) along a horizontal line across Layer II, and are also shown in Table 1 .
By comparing the EDS analysis results with the phase compositions ranges shown in the Ti-Al binary phase diagram [16, 18] , the phases corresponding to the microstructural features in the interfacial region were identified, and also shown in Table 1 . Fig. 6 shows representative TEM bright images of the microstructures of Layer I and Layer II of the interfacial region. As shown in Fig. 6(a) , TEM examination of the interfacial region in conjunction with EDS analysis showed that Layer I was mainly composed of γ and B2 phases. In Layer I, the volume fraction of γ phases decreased and the volume fraction of B2 phases increased, both due to lowering of the Al content caused by the diffusion of Al atoms from the TiAl layer into the Ti64 layer. Due to the diffusion, the morphology of γ phase in Layer I also changed obviously from equiaxed shape into needle shape, and most of the needles grew towards the Ti64 layer. EDS analysis showed that the entire Layer II contained 20-31 at.% Al which falls into the composition range of the intermetallic compound DO 19 type α 2 -Ti 3 Al according to the Ti-Al binary phase diagram [16, 18] . This indicates that Ti 3 Al can be formed in this layer by a chemical reaction between titanium and aluminium. TEM observation of the interface microstructure of the interfacial region also confirmed that Ti 3 Al grains formed in layer II, as shown in Fig.6(b) . Near the boundary Layer I and Layer II, B2 grains were also found ( Fig. 6(b) ). Thus, most of the prior phases in Layer II: γ, α, β and B2 phases, were transformed into α 2 -Ti 3 Al during hot rolling. By combining the results of microstructural examination and compositional analysis, the structure of the interfacial region of the laminate composite sheet can be determined, as shown by the schematic diagram in Fig. 7 .
According to vertical sections of Ti-Al-V ternary system [25] , during increasing temperature of the canned sample, phase transformations of Ti-43Al-9V-Y alloy took place along the pathway of γ+B2→γ+β→α+γ+β→α+β. The β phase became B2 by second order transition at about 1100 °C. Therefore, for Ti-43Al-9V-Y plate, the ordered B2, γ and α 2 phases present in the original plate changed into disordered α and β phases at 1180°C before hot rolling. For Ti-6Al-4V alloy layer, the α phase present in the original alloy was transformed into β phases before hot rolling [16] . During hot rolling at 1180°C, the interdiffusion between the TiAl layer (consisiting of α and β phases with high Al contents) and the Ti64 layer (consisting of only β phase with low Al content) took place due to the different of elemental contents. Compared with mobility of titanium, the mobility of aluminum is very high at elevated temperatures such as 1180 o C [26] , so the interfacial region growth presumably begins with the diffusion of aluminum atoms from the α and β phases in the TiAl layer across the interface and into the β phases in the Ti64 layer, and then the diffusion of titanium atoms from the β phase in the Ti64 layer across the interface and into the α and β phases in the TiAl layer.
Therefore, the thickness of Layer II in the interfacial region is larger than that of Layer I.
The region near the boundaries between Layer I and Layer II may be the original contact surface of the constituent materials. Due to the rapid diffusion of aluminum from the TiAl layer to the Ti64 layer, not only the volume fraction of the dark islands (γ phases, as indicated by A in Fig.5(a) ) in Layer I decreased significantly, but also the shape of the dark islands changed into needle shape (γ phases, as indicated by C in Fig.5(a) ). In addition, from Fig.3 and Table 1 , it can be found that vanadium elements contents in Layer I are more uniform than that in TiAl layer and still higher (14.09 at.%) than the composition of the TiAl alloy (8.8 at.%) due to the interdiffusion, which led to the increasing of the volume fraction of B2 phases in Layer I. It can be predicted that with increasing the number of rolling passes, the thickness of the interfacial region would increase. During cooling of the rolled laminiate composite sheet after rolling, the β phase in Layer II was transformed into α 2 phase because of the high Al content in the range of 20-31 at.%, and in the meantime, following the Ti-Al-V ternary phase diagram [25] , the α phase and β phase in Layer I were changed into γ phase and B2 phase, respectively.
Shear strength of the interfacial region
To determine the bonding strength of the TiAl and Ti64 layers in the LMC sheet, the shear strength of the interfacial region was measured by conducting tensile testing using specimens with a designed shape as shown in Fig. 1 and Fig. 8(a) . Using this test, it was determined that the ultimate shear strength of the specimens was 335.7MPa on average. The fracture morphology showed that the fracture occurred in TiAl layer as shown in Fig.8(b) and Fig.8(c) , which reveals that the ultimate shear strength of the interfacial region was between those of the TiAl and Ti64 layers. This demonstrates that the bonding strength between the TiAl and Ti64 layers in the laminate composite sheet is very high.
The following are the possible reasons for this high bonding strength between the TiAl and Ti64 layers:
(1) Both the TiAl layer and the Ti64 layer have same main elements (i.e. Ti, Al and V) and share a common phase which is β phase at the hot rolling temperature. This is helpful for fast atomic interdiffusion between the TiAl and Ti64 layers, leading to establishing strong interfacial bonding within a short time.
(2) For the laminate composite, if thermal expansion coefficient of different layer is quite different at high temperature, internal stress must be produced at the interface, which results in the decreasing of interface bonding strength [27] . Due to the same both disordered β phases and main elements of the TiAl and Ti64 layers during hot rolling, thermal expansion coefficient of the TiAl layer should be similar to that of Ti64 layer, indicating internal stress at the interfaces must be quite low.
(3) Because the strength of Ti 3 Al intermetallic compound are better than that of TiAl intermetallic compound, the formation of Ti 3 Al phases at the interface during the process of preparing the laminate composite sheet is very beneficial for enhancing the bonding strength between the TiAl and Ti64 layers.
As we know, TiAl alloys are a kind of brittle metallic materials. In order to toughen effectively composites with a brittle TiAl matrix, one important approach is to add a ductile phase which is required to have a strong interface with the matrix, which is very effective at improving toughness and plasticity. Weak interfacial bonding will lead to the preferential crack initiation at interfaces, which can decrease the mechanical properties of the composites with a TiAl matrix. For the TiAl-Ti64 laminate composite, when a crack or a shear band impedes on the ductile Ti64 layer, a strong interface can ensure that the load transfer and the ductility of the Ti64 layer results in plastic energy dissipation. Obviously, the formation of a 250μm thick interdiffusion region successfully enhances the interfacial bonding between the TiAl and the Ti64 layers, which effectively transfers the stresses and strains to the ductile Ti64 layer resulting in continuous and extensive plastic deformation. 3) The shear strength of the interfacial region is high, and this demonstrates that the bonding strength between the TiAl and Ti64 layers in the laminate composite sheet is quite high, and the interface is very effective in improving the toughness and plasticity of the Ti64-TiAl LMC sheet. Fig.1 interface shear test sample. 
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